Study Design. This investigation was conducted in two parts. In the first part, a morphometric analysis of critical cervical pedicle dimensions were measured to create guidelines for cervical pedicle screw fixation based on posterior cervical topography. In the second part of the study, a human cadaver model was used to assess the accuracy and safety of transpedicular screw placement in the subaxial spine using three different surgical techniques: 1) using surface landmarks established in the first part of the study, 2) using supplemental visual and tactile cues provided by performing laminoforaminotomies, and 3) using a computer-assisted surgical guidance system.
Study Design. This investigation was conducted in two parts. In the first part, a morphometric analysis of critical cervical pedicle dimensions were measured to create guidelines for cervical pedicle screw fixation based on posterior cervical topography. In the second part of the study, a human cadaver model was used to assess the accuracy and safety of transpedicular screw placement in the subaxial spine using three different surgical techniques: 1) using surface landmarks established in the first part of the study, 2) using supplemental visual and tactile cues provided by performing laminoforaminotomies, and 3) using a computer-assisted surgical guidance system.
Objective. To assess the accuracy of transpedicular screw placement in the cervical spine using three surgical techniques.
Summary of Background Data. A three-column fixation device implanted to secure an unstable cervical spine can be a valuable tool with a biomechanical advantage in the spine surgeon's armamentarium. Despite this advantage, concerns over surgical neurovascular complications have surfaced. Cadaver-based morphometric measurements used to guide the surgeon in the placement of a pedicle screw show significant variability, raising legitimate concerns as to whether transpedicular fixation can be applied safely.
Methods. Precise measurements of 14 human cadaveric cervical spines were made by two independent examiners of pedicle dimensions, angulation, and offset relative to the lateral mass boundaries. On the basis of this analysis, guidelines for pedicle screw placement relative to posterior cervical topography were derived. In the second part of the study, 12 human cadaveric cervical spines were instrumented with 3.5-mm screws placed in the pedicles C3-C7 according to one of three techniques. Cortical integrity and neurovascular injury were then assessed by obtaining postoperative computed tomography scans (1-mm cuts) of each specimen. Cortical breaches were classified into critical or noncritical breaches.
Results. Linear measurements of pedicle dimensions had a wide range of values with only fair interobservercorrelation. Angular measurements showed similar angulation in the transverse plane (40°) at each level. With respect to the sagittal plane, both C3 and C4 pedicles were oriented superiorly relative to the axis of the lateral mass, whereas the C6 and C7 pedicles were oriented inferiorly. The dorsal entry point of the pedicle on the lateral mass defined by transverse and sagittal offset had similar mean values with wide ranges, although there often was excellent correlation between observers. There were no significant interlevel, right/left, or male/female differences noted with respect to offset. Using one of three techniques, 120 pedicles were instrumented. In group 1 (morphometric data): 12.5% of the screws were placed entirely within the pedicle; 21.9% had a noncritical breach; and 65.5% had a critical breach. In group 2 (laminoforaminotomy), 45% of the screws were within the pedicle; 15.4% had a noncritical breach; and 39.6% had a critical breach. In group 3 (computer-assisted surgical guidance system), 76% of the screws were entirely within the pedicle; 13.4% had a noncritical breach; and 10.6% had a critical breach. Regardless of the technique used, the vertebral artery was the structure most likely to be injured.
Conclusions. On the basis of the morphometric data, guidelines for cervical spine pedicle screw placement at each subaxial level were derived. Although a statistical analysis of cadaveric morphometric data obtained from the cervical spine could provide guidelines for transpedicular screw placement based on topographic landmarks, sufficient variation exists to preclude safe instrumentation without additional anatomic data. Insufficient correlation between different surgeons' assessments of surface landmarks attests to the inadequacy of screw insertion techniques in the cervical spine based on such specific topographic guidelines. Laminoforaminotomy does improve visual and tactile access to the cervical pedicle. However, this technique did have a significant likelihood of injuring vital structures above the C7 vertebral body. The emergence of a computer-assisted surgical system based on the principles of stereotaxis enhances accuracy and further improves the safety of transpedicular screw placement, most notably at C6 and C7. [Key words: cervical spine, transpedicular fixation, pedicle screw, morphometric analysis, stereotaxis, laminoforaminotomy] Spine 2000;25:1655-1667
Successful placement of a pedicle screw in the cervical spine requires a sufficient three-dimensional understanding of pedicle morphology to allow accurate identification of the ideal screw axis. Minor deviations from this axis may lead to perforation of the pedicle, possibly resulting in significant neurologic or vascular injury. Recent studies investigating the morphology of the cervical vertebrae have shown significant variability in cervical pedicle dimensions, appropriately raising concerns as to whether transpedicular fixation can be applied safely.
Several investigations into the possibility of transpedicular instrumentation in the cervical spine have been published. Panjabi et al 11 reported the first threedimensional anatomic study of the human cervical vertebrae in which the capacity for the cervical pedicles to accept transpedicular fixation was demonstrated. Biomechanical feasibility of transpedicular cervical fixation was addressed by Kotani et al. 7 In his calf cadaver model, transpedicular screw fixation offered increased stability over conventional anterior and/or posterior constructs in addressing two-and three-column injury patterns and multilevel cervical instability patterns. Abumi et al 1, 2 successfully applied transpedicular instrumentation without complication in 58 patients who had subaxial cervical traumatic and nontraumatic injuries. These studies suggest that transpedicular stabilization in the cervical spine is not only anatomically possible, but also biomechanically sound.
The current investigation was conducted in two parts. In the first part, a morphometric analysis of the subaxial cervical pedicles was performed using a human cadaver model in which critical pedicle dimensions, including pedicle diameter, offset, and angulation relative to both the sagittal and transverse planes, were described. As a result of this analysis, specific guidelines for pedicle screw insertion were derived based on the topographic anatomy of the spine as visualized during the posterior approach to the cervical spine.
The second part of the investigation also made use of a human cadaver model in an attempt to assess the accuracy and safety of pedicle screw placement in the cervical spine using three separate surgical techniques: 1) topographic guidelines established from the first part of the study, 2) supplemental visual and tactile cues provided by performing laminoforaminotomies to gain access to the medial, superior, and inferior aspects of each pedicle, and 3) a computer-assisted image-guided surgical system that integrates precise preoperative planning and real-time intraoperative image location of surgical instruments during the application of transpedicular screw fixation.
Methods
Morphometric data for the third through seventh cervical vertebrae were obtained using a human cadaver model. Cervical spines were harvested from 14 formaldehyde-embalmed cadavers of seven men and seven women who had an average age of 67 years at the time of death. The specimens were prepared by removing all the soft tissue with rongeurs and curettes. The transverse processes encorporating the transverse foramens then were removed to provide complete visualization of the pedicle when viewed from the exterior. Next, laminectomies of C3-C7 were performed at the level of the laminofacet junction to allow direct visualization of the medial wall of the pedicle from within the spinal canal. In this fashion, a 360°view of each pedicle could be obtained.
Kirschner wires measuring 1.6 mm in diameter then were placed coaxially in each pedicle of C3-C7. Coaxial alignment could be verified by direct visualization of all four pedicle walls around the Kirschner wire. Any cortical breach by the K-wire was considered noncoaxial alignment. In this fashion, the Kirschner wires represented the orientation of ideally placed transpedicular screws in the cervical spine (Figures 1 and 2 ).
The dimensions of each cervical vertebra then were measured with an electronic digimatic caliper (Mitutoyo, Tokyo, Japan) at a precision of 0.01 mm, and all angular measurements were recorded with a goniometer that was precise to within 1°. All measurements were made directly from the specimens by two independent observers.
The measurements included 1) the cord length of the pedicle measured from the posterior cortical entry point of the pedicle to the anterior vertebral cortex in line with the axis of the pedicle, 2) the pedicle length measured from the posterior cortex of the pedicle to the posterior longitudinal ligament along the axis of the pedicle, 3) the transverse diameter (the mediallateral outer cortical width of the pedicle) measured at the isthmus, 4) the sagittal diameter (the superior-inferior outer cortical width of the pedicle) measured at the isthmus, 5) the transverse width of the lateral mass measured from the laminofacet junction to the lateral border of the lateral mass at the midpoint of the lateral mass, 6) the sagittal height of the lateral mass measured from one facet joint line to the next caudad facet joint line at the midpoint of the lateral mass, 7) the transverse offset of the pedicle measured from the laminofacet junction to the coaxial K-wire placed in the pedicle, 8) the sagittal offset of the pedicle measured from the cephalad facet joint line to the coaxial K-wire placed in the pedicle, 9) the transverse angle of pedicle insertion measured from the midline to the coaxial K-wire placed within the pedicle in the transverse plane, and (10) the sagittal angle of pedicle insertion measured from a line perpendicular to the sagittal axis of the lateral mass to the coaxial K-wire placed within the pedicle in the sagittal plane ( Figure 3 ).
Statistical analysis was performed using SAS software (Raleigh, NC). The mean, range, and standard deviation for each observer was analyzed both separately and combined. Interobserver variability was assessed using the standard Pearson correlation coefficient (r 2 ). Interpretation of the Pearson correlation coefficient for the two observers was considered "poor" if r 2 Ͻ 0.25, fair if 0.25 Ͻ r 2 Ͻ 0.50, "good" if 0.50 Ͻ r 2 Ͻ 0.75, and "excellent" if r 2 Ͼ 0.75. Male versus female and left versus right differences were determined with the Student's t test, with 0.05 considered significant. Multiple interlevel differences were calculated using a single factor analysis of variance (ANOVA).
For the second part of the study, cervical spines were harvested from 12 formaldehyde-embalmed human cadavers of seven men and five women who had an average age of 68 years at the time of death. There were no spinal abnormalities in any of the specimens, either according to the medical history or at the time of the anatomic dissection. The spines were divided into three groups of four specimens each. Then each spine was subjected to computed tomography (CT) (GE High Advantage CT Scanner), and measurements of pedicle diameter, length, cord length, and angulation were made. Using this data, ANOVA between cadaver spine specimens was carried out to ensure that no significant difference existed between the specimens in each group.
Titanium bone screws (Sofamor Danek, Memphis, TN), 3.5 mm in diameter and 12 mm long were placed bilaterally in each pedicle of the third through the seventh cervical vertebrae by the two senior authors (T.J.A. and A.R.V.), both fellowship trained, full-time spine surgeons. Each of the two surgeons placed the same number of screws in each specimen using one of the following techniques in each of the three groups.
In group 1, screws were placed in the pedicles of C3-C7 using only the topographic guidelines derived in the first part of this study (Table 4) . A 2.5-mm power drill bit was used once the starting point and trajectory were determined. This was followed by tap and screw placement.
This technique differs from that described by Abumi et al, 1, 2 in which a starting point superior and lateral to the center of the lateral mass is used. A burr is used to decorticate the cortical bone of the lateral mass until the bleeding cancellous bone of the pedicle is visualized. Medial angulation is guided by the patient's CT scan, and sagittal plane pedicle orientation is determined with fluoroscopy. Abumi et al 1,2 use a 2-mm pedicle probe to sound the pedicle before tap and screw placement.
In group 2, the same technique as in group 1 was used after a laminoforaminotomy was performed to provide supplemental visual and tactile cues regarding the orientation of the pedicle's medial wall. Laminoforminotomy was performed using the method described by Henderson et al. 5 The ligamentum flavum at each level was gently dissected free from the inferior aspect of the superior laminar arch and from the superior aspect of the inferior laminar arch using a small curved curette. Thereafter, the inferior aspect of the superior lamina and the superior aspect of the inferior lamina were removed in varying amounts using a 3-mm burr followed by 1-mm and 2-mm Kerrison punches. The dental dissector then could be used to identify the medial, superior, and inferior walls of the pedicle before the placement of each screw.
In group 3, screws were placed in the pedicles of C3-C7 using a computer-assisted image-guided surgical system (Stealth Station, Sofamor Danek, Memphis, TN). This system can facilitate insertion of pedicle screws through the application of stereotactic principles. Stereotaxis is an evolving technology currently used to locate positions in a body without direct access to its interior. The setup for image-guided insertion of pedicle screws has been described previously. 9 Preoperative CT scans were obtained for all group 3 cervical spine specimens. Using the computer-assisted surgical system, the ideal axis for insertion of each pedicle screw was planned before surgery at each level by defining the appropriate entry and target points on the CT scan. The coordinates of three to six additional anatomic landmarks (i.e., the superior aspect of a spinous process or the most lateral aspect of a transverse process) also were captured for later use in a paired-point matching procedure at the beginning of the actual surgical session.
During the intraoperative session, registration of these predetermined anatomic landmarks was performed by localizing and digitizing the specific landmarks on the spine specimen with a space pointer. Once the matching process was completed, the surgeon located and marked the predefined entry points with the space pointer. For this procedure, a standard minidriver can be mounted with a housing containing lightemitting diodes that relay drill tip position and orientation to an optical reader. This allows transformation of the real-world data from the operative site into the "virtual world" image on the CT scan. Under computerized image guidance, the screw hole then was drilled along the chosen trajectory.
During the actual drilling, guidance functions assist the surgeon in matching the chosen trajectory. These guidance functions include a display of colored lines representing the trajectory planned before surgery relative to the real-time trajectory of the drill bit in the sagittal, transverse, and coronal planes. An image of a colored circle representing the screw diameter in the coronal cuts through the pedicle also can allow the surgeon to identify any impending cortical breach.
Once the pilot hole had been prepared, screws 3.5 mm in diameter and 12 mm long were inserted without additional visualization. On completion of the pedicle screw placement, each of the cervical specimens from groups 1, 2, and 3 were subjected to CT scan (1-mm cuts) to determine the extent of cortical integrity preservation using each of the study techniques. Loss of cortical integrity was classified as a "critical" breach if the screw encroached on any vital structure such as the vertebral artery, nerve root, or spinal cord. If any part of the screw violated the cortex of the pedicle without risking injury to any vital structure, the breach was classified as "noncritical." All specimens then were dissected circumferentially around each pedicle to confirm the presence or absence of a cortical breach. A statistical assessment of variance between each group in accuracy of screw placement then was performed using 2 analysis. Interlevel and intralevel differences were determined using Fisher's two-tailed exact test.
Results
In the first part of the study, 140 cervical subaxial pedicles (C3-C7) were instrumented with coaxial Kirschner wires, and linear, angular, and offset measurements were made bilaterally.
Linear Measurements
Combined means for observers one and two, standard deviations, ranges, and Pearson correlation coefficients for pedicle diameters and lengths are shown in Table 1 . Graphic representation for each variable by cervical level is portrayed in Figures 4 and 5 . Although the average sagittal diameter of the pedicle was largest at C4 (7.72 mm) and smallest at C6 (7.15 mm), no significant interlevel difference was detected. The average transverse diameter of the pedicle was largest at C7 (6.51 mm) and smallest at C3 (5.38 mm). Significant differences between in transverse pedicle diameter of C3 and the diameters of C5, C6, and C7 were found (P Ͻ 0.05). No significant interlevel differences were detected with respect to pedicle or cord length.
No significant left or right differences in sagittal diameter, transverse diameter, pedicle length, or chord length were found for the third through the seventh cervical vertebrae. A significant difference (P Ͻ 0.05) between the C3 pedicle chord length in men and women was identified in the combined data. However, for the C3 pedicle, no other significant gender-related differences were identified. No significant male-female differences were observed for the linear measurements at C4. At C5 and C6, no significant differences between men and women were identified in any of the linear measurements except for the C5 and C6 sagittal diameter (P Ͻ 0.05). Except for the chord length (P Ͻ 0.05), no significant gender-related differences were found at C7.
Angular Measurements
The results of angular measurements in the transverse and sagittal planes are portrayed in Table 2 . Graphic representation of each angular variable by level is shown in Figure 6 . The greatest transverse angles were observed superiorly at C3 and C4 (44°). As the investigation proceeded inferiorly toward C7, a slight decrease in magnitude of angulation was found in the transverse plane. With respect to angulation in the sagittal plane, both C3 and C4 had positive values, suggesting the existence of superiorly oriented pedicles. At C5-C7, all sagittal angle values were negative, suggesting the existence of inferiorly directed pedicles. A statistically significant interlevel difference (P Ͻ 0.05) for the transverse angle existed between C3 and C7 as well as between C4 and C6. These results suggest that C3 and C4 as well as C6 and C7 may have similar transverse pedicle angles. The fifth cervical pedicle has a transverse pedicle angle in between C3/C4 and C6/C7. Statistically significant interlevel differences for sagittal angulation exist between C3 and C5, C6 and C7, C4 and C5, and C4 and C7. These results suggest that C3 and C4 have similar superiorly oriented sagittal pedicle angles, whereas C5, C6, and C7 have similar inferiorly oriented sagittal pedicle angles, with the transition occurring at C3-C4.
No significant left-right differences existed at C3-C7 for sagittal plane angular measurements. A significant difference (P Ͻ 0.05) for the left-right transverse angle at C5 and C6 was detected. No male-female differences for transverse and sagittal angular measurements were identified.
Offset Measurements Ratios representing sagittal and transverse offsets of the ideal pedicle screw entry point on the lateral mass were calculated. The transverse offset ratio determines the pedicle starting point in the medial-lateral plane, referenced from the medial aspect of the lateral mass ( Figure  3 ). The transverse offset ratio was calculated by dividing the distance in millimeters from the laminofacet junction (medial aspect of the lateral mass) to the coaxially placed Kirschner wire by the distance from the laminofacet junction to the lateral border of the lateral mass. The sagittal offset ratio determines the pedicle entry site in the sagittal plane as referenced from the inferior border of a cephalad facet to the superior border of the next caudal facet (Figure 3) . The sagittal offset ratio was calculated by dividing the distance in millimeters from the inferior border of the superior facet to the coaxially placed Kirschner wire by the distance from the inferior border of a cephalad facet to the superior border of the next caudal facet.
All ratios were expressed as a percentage because it was thought that percentage values might account more accurately for interspecimen variability than specific linear measurements. The means, ranges, standard deviations, and Pearson correlation coefficients for transverse and sagittal offset measurements of the third through the seventh cervical levels are shown in Table 3 . Graphic representation of transverse and sagittal offset measurements by level also are shown in Figure 7A and 7B. Although ranges and standard deviations tended to be large, there were no significant interlevel, male versus female or left versus right differences detected.
Topographic Guidelines
An analysis of the average offset ratios and average angular measurements at each level from the third through the seventh cervical vertebrae allowed the establishment of specific guidelines for coaxial screw placement at each cervical level (Table 4) .
In the second part of the study, 117 cervical pedicles were instrumented with 3.5-mm titanium screws according to one of the three described techniques. The extent of screw placement success was determined on postoperative CT scans (1-mm cuts). A 2 analysis then was used to determine if one technique was statistically more successful than another, and whether any particular level was at greater risk for perforation. Group 1: Topographic Guidelines. In group 1, the overall success rate for pedicle screw insertion (Figure 8 ), defined as containment of the screw completely within the cortical margins of the pedicle on the CT scan, was 5 screws successfully inserted out of 40 screws placed (12.5%). The overall rate of perforation was 35 in 40 (87.5%). Cortical perforations were divided further into noncritical (21.9%), and critical (65.6%) perforations. The rate of successful screw screw placement compared with the rate of perforation by level for group 1 is shown in Figure 9 .
With respect to the direction of cortical perforation by the screw, 12 (46%) of 26 critical perforations occurred in the lateral direction. Of 26 screws, 6 (23%) perforated superolaterally, whereas 2 (16%) violated only the superior pedicle cortex. Fewer than 10% of the perforations occurred medially or inferiorly.
In 15 (58%) of the 26 critical perforations, the anatomic structure most commonly at risk for injury was the vertebral artery. Encroachment on the nerve root occurred in 5 (19%) of 26 perforations. Both the nerve root and the vertebral artery were injured in 4 (15%) of 26 perforations. The spinal cord was at risk in 2 (8%) of the 26 critical perforations.
Group 2. Laminoforaminotomy. In group 2, the overall rate of successful screw placement was 18 in 40 (45%) (Figure 9) . The total rate of perforation was 22 in 40 (55%). This could be divided into an incidence of noncritical perforation (15.4%) and an incidence of critical perforation (39.6%). The rate of successful screw placement compared with the rate of perforation by level for group 2 is shown in Figure 10 . With respect to the direction of cortical perforation by the screw, 7 (46%) of 15 critical perforations occurred in the lateral direction; 4 (27%) of 15 screws perforated superolaterally, and 2 (13%) of 15 screws violated the inferomedial pedicle cortex. Less than 10% of the perforations occurred directly superiorly, medially, or inferiorly.
Of the critical perforations in group 2, the anatomic structure most commonly at risk for injury was the vertebral artery (43%). Other anatomic structures at risk included the nerve root (31%) or both the nerve root and the vertebral artery (25%). The spinal cord was never violated when laminoforaminotomy was used to facilitate screw insertion.
Group 3: Computer-Assisted Surgical System. In group 3, the overall rate of successful screw placement was 28 screws successfully inserted in a total of 37 screws placed (76%) (Figure 9 ). The total rate of perforation was 9 occurrences in 37 screw placements (24%). This rate could be divided into an incidence of noncritical perforation (13.4%) and an incidence of critical perforation (10.6%). The rate of successful screw placement compared with the rate of perforation by level for group 3 is shown in Figure 11 . All four critical perforations in group 3 occurred in the lateral direction. Three (75%) of the four critical perforations violated the transverse foramen containing the vertebral artery. It should be noted that even a minimal violation of a transverse foramen was considered critical because the consequences of any vertebral artery injury are potentially devastating. In one (25%) of the four critical perforations, both the nerve root and the vertebral artery were at risk for injury. The spinal cord was never injured.
Comparative Analysis by Group
A statistically significant difference was found in the overall rate of successful pedicle screw insertion between groups 1 and 2 (P ϭ 0.001), groups 1 and 3 (P ϭ 0.001), and groups 2 and 3 (P ϭ 0.006). This would suggest that, overall, the computer-assisted surgical technique was significantly more successful than the laminoforaminotomy technique, which in turn was more successful than the technique based on topographic guidelines alone. Similarly, a statistically significant difference was found between groups 1 and 2 (P ϭ 0.014), groups 1 and 3 (P ϭ 0.001), and groups 2 and 3 (P ϭ 0.007) with regard to the overall incidence of critical perforation. This suggests that significantly fewer critical perforations were associated with each successive technique.
Intralevel differences between groups existed with regard to successful screw placement. Statistical differences were found at C3 between groups 1 and 2 (P ϭ 0.021) and between groups 1 and 3 (P ϭ 0.021), whereas no difference existed between groups 2 and 3. At C4, there was significant improvement in the rate of success between groups 1 and 3, but not between groups 1 and 2 or groups 2 and 3. Similarly, at C5, there was significant improvement only between groups 1 and 3 (P ϭ 0.02). For C6, significant improvements in success rates existed between groups 1 and 3 (P ϭ 0.046), and between groups 2 and 3 (P ϭ 0.05), but not between groups 1 and 2. For C7, significant improvement in success rates was noted between groups 1 and 2 (P ϭ 0.046) and between groups 1 and 3 (P ϭ 0.007). No difference with regard to successful screw insertion in the C7 pedicle was noted between groups 2 and 3.
No statistically significant intralevel differences were found at C3-C6 among the three groups with regard to the rate of noncritical perforations. Only at C7 was there a significant difference in the rate of noncritical perforations between groups 1 and 2 (P ϭ 0.007) and between groups 1 and 3 (P ϭ 0.007). There was no difference in the rate of noncritical breach between groups 2 and 3. Intralevel differences among the groups existed with regard to the rate of critical perforations. A statistical difference was found at C3 only between groups 1 and 3 (P ϭ 0.046). At C4, significant differences were observed between groups 1 and 3 (P ϭ 0.001) and between groups 2 and 3 (P ϭ 0.029). At C5, significant differences existed between groups 1 and 2 (P ϭ 0.039) and between groups 1 and 3 (P ϭ 0.020). At C6, significant differences with regard to the rate of critical breach were noted between groups 1 and 2 (P ϭ 0.01) and between groups 2 and 3 (P ϭ 0.029). No statistically significant difference existed among the three groups with respect to the rate of critical perforations at C7. In groups 2 and 3, no interlevel differences were found with regard to successful screw insertion, noncritical perforations, or critical perforations.
Discussion
An understanding concerning the morphometry of the cervical vertebrae is paramount in applying instrumentation to this region of the spine, where vital vascular and neurologic structures are intimately associated with its complex bony anatomy. Most descriptions of cervical morphometry in the 1990s were directed toward the anatomy of the lateral mass, and more specifically, toward the structures at risk during application of lateral mass plate screw constructs.
Transpedicular screws can be applied as a posterior stabilization device in cases of cervical laminectomy, burst fracture, spinal tumor, and infective spondylitic processes of the cervical spine (i.e., tuberculosis). Pedicle screws can be a useful adjunct in situations that involve multilevel instability patterns and postlaminectomy kyphotic reconstructions, and in other cases that require longer fixation (i.e., fixation from the upper to lower cervical spine, or from the middle to the upper thoracic spine). In cases wherein the lamina, spinous processes, or both are destroyed, it becomes difficult to stabilize these segments with spinous process wiring or sublaminar wiring without sacrificing the adjacent intact motion segments. Therefore, transpedicular screw fixation can be a useful alternative for stabilization.
Panjabi et al 11 published the first three-dimensional anatomic study of human cervical vertebrae. Measurements were made using a three-dimensional coordinate system from which positions of various surface landmarks and boundaries of anatomic structures could be measured and recorded by a computer. Certain trends became apparent during this investigation. The largest pedicle dimensions were recorded at C2; the smallest were noted at C3. Specifically, transverse pedicle diameter increased from 5.1 mm at C3 to 6.6 mm at C7, and sagittal diameter increased from 6.7 mm to 7.6mm across the same levels. On the basis of this numerical analysis, the capacity for the pedicles in the subaxial cervical spine to accommodate transpedicular fixation was demonstrated.
An et al 4 performed a cadaver study to investigate the variability of certain morphometric parameters important in the application of lateral mass plate screw constructs. Wide variation (9 -16 mm) in the interfacet distances as measured in the center of the lateral mass was noted. Morphology of the C7 and T1 pedicles also was described as it began to appear that pedicle fixation at the cervicothoracic junction improved the stability of lateral mass plate screw constructs extending to this level. Transverse and sagittal pedicle diameters at C7 measured 6.9 mm and 7.5 mm, respectively, with a medial angulation of 34°. Xu et al 14 also reported human morphologic data of the C7 lateral mass, pedicle entry point, and pedicle axis.
Abumi et al 1,2 reported on 58 patients in whom pedicle screws were used successfully to manage subaxial traumatic and nontraumatic injuries. Only three cortical breaches of the screws were noted on postoperative CT scans. No neurologic or vascular complications were experienced. This investigation was the first to report a method for identifying the entry point of screw insertion in the posterior aspect of the lateral mass using surface landmarks alone. For each level, the same entry point 1 mm inferior to the caudal edge of the facet joint in the midline of the lateral mass was proposed. The sagittal angular orientation of the screws was determined using intraoperative fluoroscopy. Axial orientation was determined on the basis of preoperative CT scans. Albert et al reported on 21 patients in whom cervical pedicle screw fixation was used at C7 with or without upper thoracic pedicle screw fixation. All pedicle screws were placed after direct palpation of the pedicle with a right angle nerve hook following a laminoforaminotomy at C7. The authors reported no neurologic complications related to pedicle screw placement, and no patient was symptomatically worse after the operation. At the 1-year follow-up evaluation, no failures of fixation or complications related to pedicle fixation had occurred. Albert et al 3 concluded that pedicle screws in C7 placed with a laminoforaminotomy and palpation technique appeared to be safe and efficacious while offering excellent fixation.
Linear measurement data indicated a slight increase in transverse diameter (5.38 -6.51 mm), with a corresponding decrease in sagittal diameter (7.58 -7 .27 mm) as investigation proceeded caudally along the spine. These values are consistent with those published in the aforementioned morphometric studies. Although pedicle lengths remained fairly consistent at each level, chord length was greatest at C5 and C6. This likely reflects the higher incidence of degeneration with associated anterior osteophytes at these levels.
Angular measurements showed similar angulation in the transverse plane at each level (medial orientation of approximately 40°). With respect to the sagittal plane, both C3 and C4 pedicles were oriented superiorly to the axis of the lateral mass, whereas C6 and C7 pedicles were oriented inferiorly.
The average transverse offset (approximately 60%), as referenced from the medial laminofacet junction, remained constant throughout the entire subaxial cervical spine. Conversely, the sagittal offset, as referenced inferiorly from the superior facet, was more variable throughout the subaxial spine.
Two important observations became apparent during the statistical analysis of the morphometric data. First, it became clear that sufficient anatomic variation existed between specimens to preclude the derivation of specific guidelines that could predict the entry point and orientation of the pedicle axis consistently and accurately. This was particularly true in defining transverse and sagittal offset. Sagittal offset at C5, for example, had a mean value of 15% on the lateral mass, a standard deviation of 17%, and a range of 0 to 58%. This high degree of variability is not unique to the cervical spine because several anatomic studies have documented its existence in the thoracic and lumbar regions as well. 6, 8, 10, 12, 13, 15 Despite the wide ranges of values, average values for transverse and sagittal offset as well as transverse and sagittal angulation were calculated to establish theoretical guidelines based on topography for use in the second part of the study.
According to the second important observation, the correlation between different surgeons' measurements of linear and angular parameters was inadequate for an expectation of precise adherence to specific topographic guidelines even if they could be provided. Correlation between surgeons' recording of linear measurements was "good" at best (0.50 Ͻ r 2 Ͻ 0.75), and in only one instance (C7 transverse angulation) was correlation "excellent" (r 2 Ͼ 0.75) with regard to angular measurements. Ironically, the highest correlation between surgeons' measurements occurred with those of transverse and sagittal offset, the same parameters that had excessively high ranges and standard deviations.
In the second part of the current investigation, the accuracy of cervical pedicle screw insertion were compared using three different surgical techniques. The success or failure rate of screw placement was analyzed according to the technique used and the particular cervical level. This analysis provided several observations.
The current investigation did not incorporate the method of pedicle screw placement described by Abumi et al. 1, 2 The incidence of pedicle wall violation by the three described techniques is much higher than those reported clinically by Abumi et al. 1, 2 There may be several reasons for this. Fluoroscopic guidance was not used to aid screw placement in either groups 1 or group 2. The addition of fluoroscopic guidance may have allowed the trajectory of the drill bit to be amended to allow for coaxial placement of a pedicle screw. Moreover, once the starting point was established, a pedicle probe was not used before screw insertion to direct the trajectory of the screw. The method in this study used a power drilling technique, which may not provide the surgeon with the tactile feedback cue received when a manually inserted 2-mm pedicle probe is used.
The current results demonstrated that the use of specific guidelines for screw insertion based on topographic information alone is uniformly unsafe. Only 12.5% of the screws placed with this technique were completely contained in their respective pedicles. When this technique was used, 65% of the screws encroached on critical anatomic structures (Figure 12 ). Although the C7 pedicle had the highest rate of successful screw placement (25%) and the lowest rate of critical breaches (12.5%), this still represents an unacceptable risk to the patient. Clearly, more information on pedicle position and orientation are required for the surgeon to apply transpedicular instrumentation safely in the cervical spine.
Laminoforaminotomy is a technique that has been used at the authors' institution to facilitate insertion of screws in the pedicles of C7 and T1 while attempts were made to provide a better anchor for the caudal end of a long cervical lateral mass plate. The technique is fairly simple and safe, adding little time to the procedure and providing access to the medial wall of the pedicle. A small nerve hook can be passed gently superiorly and inferiorly to the pedicle to gain a sense of the overall Figure 11 . Accuracy of screw insertion by level (group 3: computerassisted surgical guidance system).
sagittal diameter and orientation. In this study, however, laminoforaminotomy significantly decreased the risk of perforation only at the seventh cervical level. At this level, 75% of the screws were placed completely within the confines of the pedicle wall. There were no critical breaches. At C3-C6, the rate of critical breach remained unacceptable because it ranged from 37.5% to 50% at each level.
It is interesting to note that with improved visual and tactile information concerning the medial side of the pedicle, there remained a high rate of lateral perforation. No screws perforated the medial cortex, but 74% of the critical breaches violated the lateral or superolateral cortex. This may suggest that the surgeons tend to overcompensate laterally when they have more information from the medial wall of the pedicle. Despite the improved access to the superior and inferior aspects of the pedicle, there remained a high incidence of injury to the nerve root (56%) exiting just above or below the respective pedicle when there was a critical breach. On the basis of the current results, it would appear that laminoforaminotomy is a valid and safe technique for pedicle screw insertion in the subaxial spine only at C7.
A computer-assisted surgical system that makes use of stereotactic principles to identify inaccessible anatomic structures currently is becoming available for clinical use. In group 3 of this study, the computer-assisted surgical system did indeed improve the rate of successful screw placement at each level in the cervical spine. Overall, 76% of the screws placed with this technique were completely within the pedicle (Figure 13 ). The rate of critical breaches decreased to 10.6%. Half of the critical breaches occurred at the relatively small C3 pedicle, whereas the other half occurred at C5. Only half of the screws placed in the C3 pedicles were entirely within the confines of the pedicle. No critical breach occurred at C4, C6, or C7. Of the 10.6% critical breaches, 75% involved the vertebral artery. As already mentioned, any subtle perforation of the transverse foramen, regardless how slight, was considered a critical breach because any disruption of the vertebral artery has potentially devastating consequences.
Postoperative CT scans of the group 3 specimens showed that critical and noncritical perforations were not simply attributable to placement of the 3.5-mm screw coaxially in a pedicle with a smaller diameter. Rather, in some instances, there appeared to be a subtle malalignment of the screw axis relative to the actual pedicle axis. This was surprising because in each instance of a critical breach, review of the preoperative plan on the computer station showed successful planned placement of a trajectory 3.5 mm in diameter without encroachment of any critical structure. It would appear, therefore, that a slight error may be introduced into the system at the time when the anatomic specimen is registered to the computer-based CT image data. During the registration process, specific topographic landmarks are identified and captured on the preoperative plan. At the time of surgery, the same points must be precisely identified on the spine specimen to allow the conversion of positional data from the real world of the specimen to the virtual world of the computer-based CT image. Slight discrepancies in this paired-point matching process may result in subtle malalignment errors, which become apparent in technically demanding situations such as instrumentation of the relatively small C3 pedicle, in which tolerance consistently is in the order of 1 mm or less.
According to the current results, the computerassisted image-guided surgical system was highly accurate with respect to screw placement in the relatively larger pedicles of C6 and C7. Although no critical breach was experienced at C4, extreme caution should be exercised in applying this technology to the smaller-diameter pedicles of C3-C5. Attention to precise registration is paramount in applying the technology to structures with tolerances on the order of 1 mm. 
Conclusion
An understanding concerning the three-dimensional anatomy of the cervical spine is imperative if new stabilization techniques are to be used safely. Although a statistical analysis of morphometric data obtained from the cervical spine could provide guidelines for transpedicular screw placement, the surgeon should be aware of morphologic trends from one level to the next, understanding that significant variation across the same levels may present surgical dilemmas.
The second part of this study helped to demonstrate that variation in human cervical morphometry precludes the use of predefined topographic guidelines for pedicle screw insertion in the cervical spine. Although laminoforaminotomy improved understanding about the morphology of the subaxial cervical pedicles, only at C7 could transpedicular screws be inserted safely. Computer-assisted image-guided surgery has great potential for improving the surgeons' understanding concerning the complex three-dimensional anatomy of the cervical spine. With the emergence of this new technology, transpedicular screws could be placed accurately and safely in the pedicles of C6 and C7.
Regardless of the technique used, lateral perforation of the pedicle was not uncommon cephalad to C7 and was associated with injury to the vertebral artery. Current data suggests that cervical pedicle screw placement is feasible, but it should be reserved for selected circumstances with clear indications.
